-production through 18O (p, n) 18F reaction face several conflicting requirements that include: reliability/uptime, quantity of consumables, safety, cost and yield. With commercialization of PET tracer distribution, higher yield has become one of the most important requirements. Maximizing yield for commercial cyclotrons require engineering trade-off amongst several requirements, and often, to be conservative, significant design margin is kept while field feedback is collected. With maturing of technology, substantial experience has been obtained for a commercial cyclotron (PETtrace, GE Medical Systems), which is in use for several years. In this paper, we describe key elements of PETtrace commercial cyclotron technology undergoing enhancements, and share our works-in-progress experiments in performing critical engineering trade-offs to improve 18F -yield. Three key parameters were tuned in this study within the design margin of the current equipment. First, we designed a second-generation target assembly with optimized 18O water volume for accepting increased beam currents while maintaining cooling performance. Second, we increased the beam current of the ion source. And finally, a new RF driver amplifier was designed to enhance the RF power ratings to enable higher beam currents. Initial tests performed in the factory indicate substantially higher yield performance (> 50%) reaching a peak yield of over 4 Ci per hour of bombardment in the new target. On dual targets, this extrapolates to 13.5 Ci/2hr of bombardment for a total target current of 120 µA. A target current of 100 µA is available in the existing design thus providing an 18F -production capacity exceeding 11 Ci/2hr. The preliminary experimental results are promising and illustrate successful exploitation of design margin to achieve increased yield for a commercial cyclotron. Long-term studies to assess impact on life of ion source are underway along with a dedicated effort for achieving target currents in the excess of 120µA.
INTRODUCTION
PETtrace is a compact upright negative-ion cyclotron that features a vertical mid-plane and accelerates protons to 16.5 MeV of energy and deuterons to 8.4 MeV of energy. It supports production of all commonly used radioisotopes that include: 15O, 11C, 13N and 18F. Deuteron acceleration of 8.4 MeV can be achieved with a target beam current of 60µA. It has the capability to perform simultaneous irradiation of two targets. Proton acceleration to 16.5 MeV is achieved in the current product using an ion source which is designed to generate target currents in the excess of 75 µA (which implies ion-beam current in excess of 125 µA at the source).
Three key sub-systems for yield improvement in PETtrace are: ion source, RF system and the target (Figure 1 ). Effective 18F -yield is determined by these cascaded factors, specifically, the level of ion-beam current generated by the ion source and the target design with optimal thermal and operating parameters. The RF system has to support the alternating acceleration voltage and should be capable of providing the power needed for acceleration of ions.
The nominal beam current on the standard 18F -target is 35-40µA with a specified production capacity of 2.5 Ci of 18F -after 1 hour of proton bombardment on a single target. The typical set-up for high 18F -production rates is to irradiate two targets simultaneously thus providing 5Ci/hr of 18F -. In order to maximize the yield, next generation designs are being developed for ion source, RF system and target. In the following sections we will describe each of the critical subsystems and focus specifically on the RF SYSTEM development of a new target and experiments we performed to test its increased capacity.
The RF system provides the necessary power to maintain the alternating acceleration potential to the Dee electrodes. A major portion of the RF power will be consumed as a resistive loss in the acceleration resonant structures, which have to carry substantial levels of alternating currents. The power in the accelerated beam is also provided by the RF system. The higher beam current performance of the PETtrace cyclotron calls for additional RF power. As a first step towards higher output from the RF power system, a new driver power amplifier (DPA) for the final power stage has been developed. The new DPA has a maximum output exceeding 500W and provides ample reserve for any future need. It also provides an opportunity to operate the final RF power stage at a higher efficiency. The development effort also includes improvement of the power rating of the anode power supply for the final power stage. FIGURE 1: Three key sub-systems undergoing enhancements for increasing output are shown in an exposed view of the cyclotron
18F -TARGET EVOLUTION ION SOURCE PETtrace 18F -Gen 1 target
The PETtrace ion source is of cold cathode Penning discharge type. The H -and D -ion sources are contained in the same assembly. With the existing operation within 75 µA of target current, the ion source has an excellent life (typically over six months). The H -source operates on an internal H 2 gas whose pressure is maintained in the range 4-8 Torrs.
To maintain this pressure a continuous flow of H 2 of about 5 sccm into the ion source is necessary. The ion source current (arc current) is provided by a single power supply operating in constant current mode. Maximum arc current from the power supply is 1.3A. The arc current regulates the output beam current level. Tests in our laboratory indicate satisfactory performance at 100 µA on target with an acceptable life (in excess of 3-4 months). On the new ion source, output beam current above 200µA is obtained with arc current less than 0.5 A. Typical transmission ratios between target beam currents and ion source output is 60%, yielding an effective target current capability of 120 µA. Ongoing research efforts for this secondgeneration ion source are underway in order to support reliable target currents exceeding 120 µA while providing improved life.
The 18F -Gen 1 target was presented on the target conference 1997 in Heidelberg, Germany [1] . An extensive development and testing program in the factory had demonstrated ability to produce 5 Ci/hr of 18F -by a PETtrace system operating with dual targets. This high capacity target has made PETtrace system a popular workhorse in the rapidly growing isotope distribution industry. Also, the commonly used 1-hour production time has been expanded to 2+ hours in order to satisfy even higher yield requirements.
The main feature of the 18F -Gen 1 target was a low volume target chamber (0.85ml water in the target container) with a high yield capacity. Main effort was spent on optimizing the design of target chamber to the beam spot of the cyclotron and careful design of the target cooling. The design also showed a high tolerance for variations in the enriched target water quality. To raise the boiling temperature of the target water by operation on higher target pressures was already common knowledge, and was implemented for higher yields. Target foils of Havar and target container made of silver was used. The silver material in the target, in our experience, is still competitive for higher yields.
In the design of the 18F -Gen 1 target, we enabled quick release of the targets from the cyclotron. This ensured lowest possible dose exposure to the technical staff.
The hot cell is furnished with a dose calibrator, which is placed below the cell in a separate radiation shield. The sample is put into the dose calibrator by a pneumatic elevator. A segregating lead lid insulates the dose calibrator from other sources of radiation in the vicinity. A high accuracy balance is also part of the equipment inside the hot cell allowing precise measurement of the amount of delivered water.
PETtrace 18F -Gen 2 target
The 18F -Gen 2 target was developed in 2002 and is currently under evaluation. The new target was designed with optimized volume and cooling properties. The prototype 18F -Gen 2 target body is made of silver. The dose measurements for yield computation refer to activity delivered in the primary target water batch and it is "the real 18F --minus" i.e. what the user gets into the input container of the fluoro-deoxy-d-glucose (FDG) synthesis box corrected to EOB (End Of Bombardment). FIGURE 2: Gen 2 Target Some important points to note are:
-Target rinsing with normal water will sweep out residual activity in the range 3-5% of the content of the primary batch (normally not recovered for FDG synthesis)
The target water cavity has been expanded (1.6ml water in the target container) and the target cooling has been greatly improved. With the new target design, a yield increase of 50% per time unit was expected (i.e. yields in excess of 3.75 Ci/hr). The target is also equipped with the quick disconnect feature as shown in Figure 2 . Initial test results on this target are presented in the results section.
-Irradiated water in primary batch in a receiving vial is put in the dose calibrator -Residual activity swept out by normal water is collected in separate vial -Yield (@ EOB) and S-values are based on dose calibrator readings with fully decayed residual 13N
A more efficient enriched water distribution system is also being developed (Liquid Target Filler) for this target and is expected to significantly reduce the loss of water in the supply lines to the target thus reducing the total need of the expensive enriched water.
A Veenstra dose calibrator was used (Type: VDC-404) with a maximum dose range of 10Ci.
RESULTS

EXPERIMENTAL METHODS FOR NEW TARGET TEST
The tests were performed in the engineering laboratory during 2002 in Uppsala, Sweden. A standard PETtrace cyclotron was equipped with the 18F -Gen 2 target. The irradiated target water was transferred using pressurized He gas to the hot cell via fine bore tubing. 
